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Comparison of two methods of calculating aerodynamic l2ading on an aerofoil
with large sweepback and small aspect ratio
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The aercdynamic characteristics of an airfoil, of large sweep-back and small aspect
ratio at Mach of 0.9, were calculated by means of Falkner's nine-=point solution and also
by a simplified versicn of Falimer's solution. The two methods gave compammtive results
except for the uerodynamic-center calculation which, by the simplified method, was 0.05~
chord in front of that of the original method. 1nhis results from the omissicn, in the
simplified method, of the variation in chord=-wise position of the local aerodynamic center.
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Comparison of Two Methods of Calculating
Aerodynamio Loading on an Aerofoil with
Large Sweepback and Small Aspect Ratio
by
R. Dickson, BeA.

ReA.E. Ref: Aero.S/1733/R/171 .

SUMMARY

R The purpose of the present note is to compare the aerodynamio
charaoteristics of an aerofoil of large sweeptack and auall aspect
ratio, caloulated by two methodsi—

(i) PFalkner's nine-point solution

and (ii) a simplified version of this methol using only a lifting line
on the guarter chord and three pivotal points, situated on
‘the three-quarter chord line.

The results ars used to give information on the characterictics of' an
aerofoil with straiznt taper and molerate aspect ratio :und sweepback
in compressitle flow at a Mach nunber 0.9

The results show that the spanvisc loading curves, lift curve
slops, induced drag, local 1lift coefficient at a given Cp, 'and bending
centre on half the wing, estimated bty the two methods, are camparatle,
but the aerodynamic centre calculated by (ii) is about 04058 in front
of that calculated by (i)s The main ruvason for this appears to be the
onlssion in method (ii) of the variation in chardwisu position oi' the
Jocal acrodynamic centre.
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1 ' Introduction

An attanpt is being made to dsvelop a reasonably quick method of
caleulating the asrodynamic loading of' swept-back wingse This 4is
required for the estimation of stability derivatives, toth longitudinal
and lateral und the uffects of wing distortion on statility, as well
a3 for streszing purposcs.

Falkner™ considers a lirting planc composed oi horse-shoe vortices
approximating to a continuous loading. The induccd downwazh is caloulatud
at a number of pivotal points and cquated to the slope of' the aerolfoils
For symmctrical loading, 9 points ars uscd on the nalf wing, 3 pointa
chordwise at each of 3 spanwis. positionce In its simplest form@ the
horse-shoe vortices arc along the % chord line only, and the dowmwash
is calculated at 3 pivotal points on the 3 chord lince This simpliried
.method is in principle similar to the methods of Luutterperl”? and \"Ieissingcr‘*o

Palkner has shom? that the wing loading duc to incidence ottainud
by the simplificd methed on a wing with 28° sweupback and 548 aspect
ratio is a good a,proximation to the 9 point solutione The work
described hers wus undortakun to comparc the two methods in an uxtreme
cose of small aspect ratio, 2, and large sweepbuck, approximately 000

" It is realized however, that thore is some doaubt ns to vhether any
vortex sheet method 18 sufficicntly ruliatle r'or calculating the avro-
dynamic characteriatics of acrofoils of' veoy smnll anpect rutioce

The acrofoil uped for the calculation has « tapor, ratio of 3,2511,
aspeot ratio 2, and swecpback 59%8, ani is considerud to he a flat
Plate in this culeulation. Thia wing is ocalled Acrofeil Ie A bricf -
outline of the procciure adoptud for the calculntion 'ie givens

The results are also applici to the cstimation of the avroiynumic
loading on Acrofoil II (Fige3) in sompressitle flow at M = 0%  This
aurofoll has an napcot ratic heblh, toper ratio 3,25:1, ani sweepruck 3605

2 Calculation of isvrodynwiic Characteristics, using Frlknoer's hine-Foint
Mothad

General

"* 7 The method 48 given in Ruterence l.  The vorticity k is
ryprescnted bty the foraula

k= B\[(‘ZL-?.) o (2g + co’t‘? * eo-n%*) cot 0/2

83 V tan = _
s @) o (3 + o f 4 g d) et

'0-\]2;'7]2) - ('.)-2 + 02‘!‘;2 + bz"}#) sin 26 a.oaoaoaa(l)

¢ .
ﬁ-fv%‘? = FO(TD cot -2 + -L'l(vl) aino « Fz(ﬂ) sin 23...-.(2)

. Where %, € are detlned so that, iT ¥y is the distanco of any point
of the acroroil f'rom the owatr: lins,

¥y =8 B R B e s n B 5 S
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and cos € zz_ox, -o-------.o-.--.---o-o(h)

where x 1s the distance of any point of the aerofoil fram the mid-point
of the chord througi 1t.

The total circulation K at any section n is glven bty

K

o ; v S— o it 2 & a2 1
vy Ak Foln) + ¥1(n)/2] = Ay sins + iz sin 3¢ ¢ 4y sin B¢, (.

1—2-[16% + 8::1 + boy + 201 + 2e, + ej s oo (6)
g%t[éoo + 407 + 6eg + 3ei] - [
.352..[2%4 el_[, | (8)
N = cos ¢, sessecescsessscsssasces(9)

The maln work is the caleculation of the coefficients By By fog
Bos O15 Ops €gs €15 ©p, Wwhich are chosen to satisfy the condition
that the dovmvash at cach of nilne pivotal points of the wing is equal
to the slope tana of the aerofoils An outline of the proccdure is
glven below in parae«2l. When this bas been dono, the valucs of Cp,,
» bending centre*, and local 1lirt 2tetlicient are ovtrincd r'ram the

following: fonaulaes~

bl

sh
a_c,_:"lm ! = B15:5 5 R 7 Y4 mlae, v o me 0id GILD))
i« S ”

-

2 g 1B :
& OL2 . Al -+ JJL} + 51‘15
KA 312

* esvessessennsefll)

The distance of the bending ocntre from the centre line

-i— rl-}jj} : 0-8000 iy = (o 1905 22! o ]..’.)
nx.\l L Lt Cll 7 ¢

The local 1irt coefficient Cpp is given by

Eg - 8% « (Fo(n) + (7))
% & . 2%

8 dax

The local acroiymamis centre at any apanwise position 1s at v dist mice

5 F - 2Fa(m
30 Fo('ﬂ) = ]_(‘ﬂ) - 2( ) : tehind the locul leadin, oijue
7 F(m + 35,07

essses sasssensensrnss(ll)

?’dunding centre is thu spanvdsc position of the centre o loat ou bndl
the acrofolil duc to a change of iuciiuncue

e
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By & Simpson intezration of the moment of the loaé atout the datum
line (shown in Figel) we obtain the neradymarnic centre tor the whole
wings Its position scon then be stated relative to tie mean chord.

2¢1 Procedure {or colculating the coofricicits

The sontinuous vorticity de ripilacel by o systun o horsc=shos
vortices of width 1/.0 of the span, awt Yo dowmameh pavduccd ty thesu
horav-shou vortices it pivotal codnt: on thoe wing zalwulsteds  The
layout of the vortices and the positions of the sivotil polnts are
shown in Fige2, The vorticcs at 1 = 0.9625 arc corrector vortices,
giving the or'feet of the tip, and are oaly one quarter the width of
the other horsc-szhoo vorticuis

Chordwise, the &4 vortices arc at 0,125, 0.375, 045625, and C.877
of the loeal chord fram the loeading edge, and thedr values are detenmcined
by the conditions thot thelr sum 1s oqual €5 the chorduise integrd
of the contimous loading nt this cprmwisce posdtion, anl tint the
downvmsh produced by the L vorticee ot Ce23, C® nd 0475 of the
lozal chord from the lenadny edge in 2 ddmcensionl flow is the srme
as tilat produced by the eontimaocus chordidse vorticitys  Vhen theese
conditions ~rw satistiel, the valuecs kps Kay kys }-._.‘_, of the 4 chordvdse
vortices are given bys- )

ky = 0,273 Re K1 + 0s0488 e Ky + 0.0737 e xj esesses{li)
kp 2 0e1172 %o Ky + 0,0762 &0 Ky + 0e0:61 e g Wi dwf 15)
= 0.0705 =e K_L + 040762 e K2 = 0,0581 7 Ki sevesee(l)
00391 e K, + 0.0438 %o K, = 040772 me K seseess(l7)

whers

3 o
Kl 30‘;*;-0-1(2 sin 8 +K3 3in 2 n .--.cc-(lb)

is the veorticity at tle spamdac position widen de bedny consildeseu.

Th. 1roilowing is then the procuducc. PFirat, =« t7il. 1+ suntmueted
of distances o th. leading «dpe miv the datun linsg, wml o the
nonitude of the loeal ehiord, in tenus of bhe opan, tor the vilues of
n froan 0 to 1 by intorvalas of 04056 Theny the ddstaazee shoedwino
froa the datwn line of the borsceshooe vortices are tubul-tel in toras
of thu sidth of » vortux, deve one ortictl ~F the niane The sp-andete
anl chorlwise distinoca of wach of the 84 hwee=shoe vorticws frma cich
of the nine pivotal points are thun dudunod, il tabulnteds Freow
tatles of the dovmwaash function P, defined in Nedel, tho values o P
tre caleoulnted nt wnch pdvotal point 2 the dowmwash ereated vy vach
horae=shoe vort-X.

For the calewd:tdon off the Qlowmnraal: 2t o gdvotal point ereatod by
vortices at - bl distonce spandices, Sewe vhen the “latanoe gpeansdas
is more thon 5 dLacs the vortex wiltn, insteld o0 weoin o phondvise
vortices, 1t is autriclent to concentrate tie termdin oot 7 o nt the
gonire O pressurc of o Lol pow octioned t0 oot T, dees it thu guarter
shord, and similaediyr tiv. tord dn 2in ® ot tae centrs of pressurs of o
load proportionl to 2t , lews the sdd=chond, wille €hay tery dn
sin 28 , piving . tvenl cirouw.oation O zeso, 1. Vuittods

The devnwash b vnch Jdivotal poddt Lo thus wovoae.l e sumuntion,
and this de cqurted 12 the zlogu oo oo qerouioal ot e pivonil point.
Yris gives wWlne vl IS SN T G LX 'll.i.ll\"-'.'n," -‘L‘,’ :’-l; 5.3, 101 cl, c‘:.

Sas t1s S which are then winlly cdoag b de
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The rest of the calculation 1s descrited in paran.2.0, andi only
amounts to zutstitution in known fomulae,

3 The Simplified Method

In this method, used in Refe2, the vorticity is nesuaed to te:
concentrated at the juarter cherde Formeula (1) is reduced to one
tera only, vizi—

e
ke = (ag! + 00'112 + eo'nl"') \/(l—«nz) cqt ,g = Go('f‘l) cot da (19)
8s V tan « .

To calculate the coelficients agt, o,'y 65", 3 pivotal points ouly

are needoGe They arc chosen on the ihree=quarter chord, nauely those
marxed 3, 90, and 9 on Fige2e The procedure ie similar to that described
in para.2.1, tut the labour is much reducet.

The iormlac to bte used to calculnte the asrodynuamic characteristics
areg-

e s @ 5 w0 e (200

° ..cccccccc-(zl)
Mt :

where the total circulation K at any section m ls given by

K =xGy(n) = Ay' sing + As' sin X+ At adn 58 (22)
s V tan o 2

All.u';;tasaol +2°°' +6°~'? ’ .....-...-.(25)

As! .,1‘_6. !Llwo' + 5;;;? : PP . |

A." alc el ’ ...........(25)

The distance of the rending ocentre from the centre line

w8 103333 ay' + 0uBO00 Ag' = 001905 AgT] ereseninsae(26)
'/'(Al' . 7y

The loeal 1ift cour'ticiunt Cpp is now given by

Cr- B 8 Re Go(ﬂ) . o ag s . (27)
Cy, —g

5
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Since it is assumed that the load is conoentrated at tlie guarter—
chord line, the aerodynamic centrc of the aerofoil is readily ottained
fram the tending centre for-wroroilswith a straight quarter-chord
line, ani ty a Simpson integration o the moment of the load about
the datum, dAivided Ly the total load,f'or an acrof'eil with a guarter
chord ling of any fonn.

4 Results*® Camparison of tho two methods for Aerofoil T

Toblug I und IT give the values of the coefficlents Agy A7y B,
Ogs O15 O3y B, ©1» O3, Obtained by the nine~point methold, ana ag!,
8g', #,' obtained by the simplified methoa respectively.

Using the foriulae (6) to (13) ani (20) to (27) we obtain the
following coaparisons=

Aerodynamic charccteristic 9 point msthod Simplified method !

ES& 2+093 201y

da

>y 0s1616 s 1600

GLZ
Distance of tendin: ccntre 0u4i 328
from oentre line ‘

Distance oi aerodynamic oentro © 0.0850
behind mean quarter-chord peint

Figsel and & show the compardson of the sprnwise 1lift distritution and
the logal 1ift coefiicient respectively, while Fige6 glves the position
of the local aeraiynwnic centre relative to the quarter~chord line,
plotted aguinst 7, for the nine~point method only, since the loeal
aerodynamic centre in the simplified methol is on the gquarter-ohtord
line for eaclh valu. of 1 »

It is seen that, except for the aerodynwic ecntre position,
the agroeement between the characteristics obtained by the two methods
is falrly good. The forward shift of the aerodynasic centre ottained
by the seocorl methoi is dme mainly to the nsglecet of the spift of the
local aerodynauic centre fras the quarter-chord line.

5 Application te the Effeot of Coampressitility on Aerofoil IT

It i= :.ncme"l‘ from the lincar perturbation theory that the erfect
of compresaibility on the 1if't diatritution of an aerofeil, 2ay asrofoili II,
can be obtained by caleulating the Lirt ddstribution in incompreszitle
flov of an cquivalcat acroroil, sar aerot'cil I, tie lateral dimensions
of which have bteen reduced in the ratio . I-di= 1 1. The aspeet ratio
is thus redused in “ids ratio, and the sweeptach is inervazed so that

» tan Pn
tan A11= ﬁ";, ssvesrcree .(26)
y1=u=
i s
where I'_ is tie awuepbagk of nerorl I and 4, 1z the sweejtack of

acrorail I1.

Te
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The aerodynamic characteristics of aerofoil II in compressitle
flow are then ottained from the aerodwmamic characteristica of aerofoil
I in incampressible flow by multiplication by the following factorsi=

Aerodynamic characteristic Factor

ot 3 1
aa | /142

@ o

c;2 J

Distance of bending centre on half wing
from the centre line, in tcrms of seuni=-
sran

P,
_ at any n
L

Distance of aerodynamic centre behind
mean quarter chord point, in terms of
o

The co-ordinate 7 for nerofoil II is defined as the distance of a point
of the acrofcil fram the centre line, divided bty the sani-gpan, st, of
aerof'oil II.

The relatiors ziven in the abtove table have been worked out in Ref.8
by a method similar to that of Refe7e

The aerodynamis characteristics of Aerofoil I (Fiisel) in incomprussibvle
flow, calculataed in parae.l above, are used for estimuting the acrodynamic
" charaoteristics of an Acrofoil II, which has an aspoct ratio Le Gk, sweep-
tack 360.5, tiper ratio 342531 (Fige3), in campressitle flow at a Mach
number 0.9. The results are given in the following tahle, which aluo
includus the valucs of the characteristice of Aerofoil II in incompressitle
flow, calculated by the simplifiecd methods  Canmparison of the last two
columns theret'ore shows the effect of compressibility on the acredynauic
oharacteristics of Acrofoil 1I.

Compressible Incampresaitle
(M = 0.9)

Aerodynamic characteristic 9 coint |Simpliiied | Simplified
of Aerofoil II method method method

-+

ac
b L4+ 86 4097
d a

% ‘ 0.0696

L

Distance of uenlin~ centre Ouli32a"
fram the centre line | wik32H

Listance of acrodynuwdo centre ! =
behind the sican guarter -shori 00800
point

8.
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Fizse4=6 3till hold for Aerofoil II at M = 0.9 as well as for
Aerofoil I in incompressible flows  In PiJgel, howcver, s' must te
substituted for s. Fige7 shows the spanwise 1ift distribution and
local 1lift coerficicnt calculated bty the simplified method for the
comprescible and incampressivle flow round Aerofoil ITI at the same
Cr,, and wc gsee that even at M = 0e9 the ef'feot of compressibility on
the distritution is amall,.

4ac
A rough approximation to a_L for Aeroloil II in comprususitle flow
@

ocan be obtained from the formlda for the efi'ect of agpect ratio on a
straight wing, bascd on the simple lirfting line thuory,

800
iete . ..............(29)‘

a,
14

4

In this case we put &, = (3cd s Where (as), is the 1ift curve slope of
an infinite wing yawed through an angle [ 2 at a Mach nunber My so that

(a) = o cos.fzt o wsarwin s a e {3800
I

° "Fiato? I
(aw)i B 2 Re

Thils gives & 1ift curve slope of 4Le88 for Acrodoil II at M = 0.9,
and the ocorrcsponding rformula for Acrofoil IX in incompressible flow ,:ives
3¢ 75 These figures agree quitu well with the results in the talle
aboves  The formula needs further comt’'imaation, btoth theorutically
and experimentally, before it can be acoepted in gencral,

6  Conclusions

The ahove results show that, although the 5-point simplificd methad
gives fairly good aursaucnt with the 9 point uwcthel foir 1irt coufficiunt,
loeal 1lift coeri’icicnt, irduced draz, and tenling cuntire, the nerodynaunic
centre calculated by the 3 point mcthod in apprQ:dmately 0.058 in front
of that calcuiated by the 9 point method for toth ncrot'eil I, vith
sweepback 5998, nspect ratic 2, in incompros.ible low, and acrofeil 1I,
with sweepback 3695, aspect ratio /e6hy in campres:.iblu flow at o Mach
nwbur of 0e9e  This difference is sufficient to show that the 3 point
method as it stands cannot te used tor caleulating the acrodynuic centru
of an acrofoil with swespbuack, tut it nay bte used with goed nccuracy
to determine tlie other charactericstics named aboves

As the work invelved in the siapliiicd uethod is very much luss
than in the full 9=~point iavthod, this approxiuaation is o consideurable
valuc when a quick ecstimate of anerodymamic charncteristics (uxeupt acvree=
dynamic centre) i requirede Sane: work has teen done on a sccond
approximation to tiic simpliried mothod in an attem t to develor a muthod of
calculating the position of the aucrodynunic ocntrv much more «uickly
than ty the 9~point method.
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quarter chord point, in teums of local chord.

distance from the centre line to any point
of the asrofoil (positive to starboard).

angle or incldence from zero lifte

angles of sveepback of acrofeils I and IT
reospectivelys

_z

v/,

8
cos™t (.23.
o]
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Attached:

Tobles I and II
Drge Nose 188658 =~ 18871.8 (7)

Circulation:

DeDeGeSeRe
fveDe/ReDe'Te 1
AeDesieReDe (Res) action copy 1 + 20
ReTePe/TeI¢Be 110 + 1
DeToReDs
NePeLe (Mre F&ga) 2
Mre Fo'kner)
Tesr04:0Ce 20(per are DesseRe Do (ReB. ) )
neReCo 36

Dircotor ReuekEs

CCSC J't "

CeSe(E L

Iivrary

S.M.E,

sero (1), T/a, P, 8, F, F/J, Hy By W, mre uair
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Oocfficients in thc 9~point solution

no w5 O 06699

Oo u 007122

eo = 007865

31 = 0003901

0 = =0.14683

81 = "0007556

8y = 0400799

Gy = 0403235

ey = =0a09512

TARLE IT

Coefficients in the
Simplified (>-point) soluticn

ao! = 0104929

t = Oe
ﬂo 0008992

eo' = 0,011573




DATUM LINE

TAPER RATIO = 3-25 1|

ASPECT RATIO =2

AT A GENERAL POSITION SPANWISE 4 :5n=-8& CoS 6.

ON THIS CHORD € ,P IS THE MID POINT Q iS AN

ARBITRARY POINT. PQ = x = Cos ©

AEROFOIL 1T .
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DATUM LINE

QUARTER CHORD LINE

TAPER RATIO = 3-25:|

ASPECT RATIO = 4 -64.

AEROFOIL 1.
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